Tunable single-photon multi-channel quantum router based on a hybrid
  optomechanical system by Ma, Peng-Cheng et al.
ar
X
iv
:1
41
0.
45
54
v1
  [
qu
an
t-p
h]
  1
6 O
ct 
20
14
Tunable single-photon multi-channel quantum router based on a hybrid
optomechanical system
Peng-Cheng Ma1,2,3, Jian-Qi Zhang2,∗ Yin Xiao1, Mang Feng2,† and Zhi-Ming Zhang1‡
1Laboratory of Nanophotonic Functional Materials and Devices (SIPSE),
and Laboratory of Quantum Engineering and Quantum Materials,
South China Normal University, Guangzhou 510006, China
2State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics,
Wuhan Institute of Physics and Mathematics, Chinese Academy of Sciences, Wuhan 430071, China
3School of Physics and Electronic Electrical Engineering,
Huaiyin Normal University, Huaian 223300, China
Routing℘l of photon play a key role in optical communication networks and quantum networks.
Although the quantum routing of signals has been investigated in various systems both in theory
and experiment, the general form of quantum routing with multi-output terminals still needs to
be explored. Here, we propose an experimentally accessible tunable single-photon multi-channel
routing scheme using a optomechanics cavity coulomb coupling to a nanomechanical resonator.
The router can extract a single-photon from the coherent input signal directly modulate into three
different output channels. More important, the two output signal frequencies can be selected by
adjusting Coulomb coupling strength. We also demonstrate the vacuum and thermal noise will be
insignificant for the optical performance of the single-photon router at temperature of the order of
20 mK. Our proposal may have paved a new avenue towards multi-channel router and quantum
network.
PACS numbers: 42.50.Ex, 03.67.Hk, 41.20.Cv
Quantum information science has been developed
rapidly due to the substitution of photons as signal car-
riers rather than the limited electrons [1]. Single photons
are suitable candidates as the carrier of quantum infor-
mation due to the fact that they propagate fast and inter-
act rarely with the environment. Meanwhile, a quantum
single-photons router is challenging because the interac-
tion between individual photons is generally very weak.
Quantum router or quantum switch plays a key role in
optical communication networks and quantum informa-
tion processing. It is important for controlling the path
of the quantum signal with fixed Internet Protocol (IP)
addresses, or quantum switch without fixed IP addresses.
Designing a quantum router or an optical switch oper-
ated at a single photon level enables a selective quantum
channel in quantum information and quantum networks
[2–9], such as in different systems of quantum router,
cavity QED system [10], circuit QED system [3], optome-
chanical system [4], a pure linear optical system [11, 12],
∧-type three-level system [13–15]. The essence lying at
the core is the realization of the strong coupling between
the photons and photons or photons and phonons [17–
20], but these methods require high-pump-laser powers
due to the very weak optical nonlinearity. To the best
of our knowledge, the quantum router demonstrated in
most experiments and theoretical proposals has only one
output terminal, except for only a few theoretical method
in Ref. [13–16] and the experiments in Ref.[12]. However,
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the two output ports are composited the two photonic
crystal cavities [13] or two coupled-resonator waveguides
[14, 15] whose two output channels with a maximal prob-
ability of unity and no more than 1/2, respectively. And
the Ref.[16] is the extended to N output ports from the
method [14]. Thus the ideal quantum router with multi-
channel deserves based on only one cavity with an ex-
tremely high probability still need to be explored. In the
following, we propose a new scheme, via Coulomb cou-
pling interaction, one can realize one input signal with
three output signals based on only one optical cavity
mode with unity probability. Our proposal is essentially
different from previous methods in Ref.[13–15] that we
are able to directly modulate the coherent input signal
into three different output ports.
In this letter, we theoretical propose a scheme for
single-photon quantum routing with three output ports
based on a optomechanics cavity Coulomb coupling to a
nanomechanical resonator (NMR). More important, the
two output signals frequencies can be selected by adjust-
ing Coulomb coupling strength. The thermal noise could
be more critical in deteriorating the performance of the
single-photon router. Then, we also demonstrate the vac-
uum and thermal noise can be insignificant for the optical
performance of the single-photon router at temperature
of the order of 20 mK.
Model setup and the solutions.—- The model for real-
izing single-photon routing is sketched in Fig. 1, where
a partially transparent nanomechanical mirror (NMM)
which is charged with the bias voltage V1 placed at the
middle position of Fabry-Pero´t cavity formed by two fixed
mirrors that have finite identical transmission [21]. The
whole cavity length is L. The cavity field is driven by a
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FIG. 1: Schematic diagram of the system. A high-quality
Fabry-Pero´t cavity consists of two fixed mirrors and a NMM.
NMM is charged by the bias gate voltage V1 and subject to
the Coulomb force due to the charged NMR with the bias
gate voltage V2. The optomechanical cavity of the length L
is driven by two light fields, one of which is the pump field εl
with the frequency ωl and the other of which is the probe field
cin with the frequency ωp. The output field is represented by
cout and dout . q1 and q2 represent the small displacements
of the NMM and NMR from their equilibrium positions, with
r0 is the equilibrium distance between them.
strong coupling field at frequency ωl from the left-hand
mirror. Further, the field in a single-photon Fock state
at frequency ωp is incident on the cavity through the
left-hand mirror. Besides the radiation pressure force
coupling the NMM to the cavity mode, the NMM is also
subject to Coulomb force to the charged NMR with the
bias gate voltage −V2 near by the cavity. q1 and q1 repre-
sent the small displacements of the NMM and the NMR
around their equilibrium positions, r0 is the distance be-
tween their equilibrium position. Then the Hamiltonian
of the whole system can be written as
Hwhole = h¯ωcc
†c+
2∑
j=1
(
p2j
2mj
+
1
2
mjω
2
j q
2
j )
−h¯gc†cq1 +HI + ih¯εl(c†e−iωlt −H.C.), (1)
where the first term is for the single-mode cavity field
with frequency ωc and annihilation (creation) operator
c (c†). The second term describes the vibration of the
charged NMM (NMR) with frequency ω1 (ω2) and effec-
tive massm1 (m2), p1 (p2) and q1 (q2) are the momentum
and the position operator of NMM (NMR), respectively
[4]. The third term describe the radiation pressure cou-
pling the cavity field to the NMM, with g = ωc
L
is the
coupling strength [21]. The last terms describe the in-
teraction between the cavity field with the input fields.
The pump field strength εl, depends on the power ℘ of
coupling field, εl =
√
2κ℘l/ωl with κ is the cavity decay
rate.
The forth termHI in Eq.(1) presents the Coulomb cou-
pling between the charged NMM and NMR [22], where
the NMM and NMR take the charges C1V1 and −C2V2,
with C1 and C2 are the capacitance of the gates, respec-
tively. The interaction energy between the NMM and
NMR is given by HI =
−C1V1C2V2
4piε0|r0+q1−q2|
. In the case of
q1, q2 ≪ r0, with the second order expansion, the above
Hamiltonian is rewritten as HI =
−C1V1C2V2
4piε0r0
[1− q1−q2
r0
+
( q1−q2
r0
)2], where the linear term may be absorbed into the
definition of the equilibrium positions, and the quadratic
term includes a renormalization of the oscillation fre-
quency for both the NMM and NMR. It implies a reduced
form HI = h¯λq1q2, where λ =
C1V1C2V2
2pih¯ε0r30
[22].
In a frame rotating with the frequency ωl of the pump
field, the Hamiltonian of the total system Eq.(1) can be
rewritten as,
Htotal = h¯∆cc
†c+
2∑
j=1
(
p2j
2mj
+
1
2
mjω
2
j q
2
j )
−h¯gc†cq1 + h¯λq1q2 + ih¯εl(c† − c), (2)
where ∆c = ωc − ωl. Note that the NMM and the NR
coupled to the thermal surrounding at the temperature
T , which results in the mechanical damping rare γ1 and
γ2, and thermal noise force ξ1 and ξ2 with frequency-
domain correlation [4],
〈ξτ (ω)ξτ (Ω)〉 = 2pih¯γτmτω[1 + coth( h¯ω
2κBT
)]δ(ω +Ω),(3)
where τ=1 or 2 and κB is the Boltzmann constant. In
addition, the cavity field c is coupled to the input quan-
tum fields cin and din. If there are no photons incident
from the right, then din would be the vacuum field. Let
2κ be the rate at which photons leak out from each of
the cavity mirrors. The output fields can be written as
xout(ω) =
√
2κc(ω)− xin(ω), x = c , d. (4)
These couplings are included in the standard way by writ-
ing quantum Langevin equations for the cavity field op-
erators. Putting together all the quantum fields, ther-
mal fluctuations, and the Heisenberg equations from the
Hamiltonian (2), we can obtain the working quantum
Langevin equations:
q˙1 =
p1
m1
, q˙2 =
p2
m2
,
c˙ = −[2κ+ i(∆c − gq1)]c+ εl +
√
2κcin +
√
2κdin,
p˙1 = −m1ω21q1 − h¯λq2 + h¯gc†c− γ1p1 + ξ1,
p˙2 = −m2ω22q2 − h¯λq1 − γ2p2 + ξ2, (5)
The quantum Langevin equations (5) can be solved after
all operator are linearized as its steady-state mean value
and a small fluctuation:
qτ = qτs + δqτ , pτ = pτs + δpτ , c = cs + δc, (6)
where δqτ , δpτ , δc being the small fluctuations around the
corresponding steady values and τ=1, 2. After substitut-
ing Eq.(6) into Eq.(5), ignoring the second-order small
terms, and introducing the Fourier transforms f(t) =
1
2pi
∫ +∞
−∞ f(ω)e
−iωtdω, f+(t) = 12pi
∫ +∞
−∞ f
+(−ω)e−iωtdω.
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FIG. 2: (Color online) (a) The reflection spectrum R(ω) and
(b) the transmission spectrum T (ω) of the single photon as
a function of normalized frequency ω/ω1 when the Coulomb
interaction is turned off (red dashed line) or turned on (blue
solid line).λl =1054 nm, L =6.7 cm, ω1 = ω2 = 2pi × 134 ×
103Hz, Q1 = Q2 = 1.1 × 10
6, m1 = m2 = 40 ng, κ = ω1/10,
℘l = 2 µW, and λ = 3× 10
33 Hz/m2.
We can get the steady values
p1s = p2s = 0, q1s =
h¯g|cs|2
m1ω21 − h¯
2λ2
m2ω
2
2
,
q2s =
h¯λq1s
−m2ω22
, cs =
εl
2κ+ i∆
, (7)
with ∆ = ∆c − gq1s, and the solution of δc [23],
δc = E(ω)cin(ω) + F (ω)c
+
in(−ω) + E(ω)din(ω)
+F (ω)d+in(−ω) + V1(ω)ξ1(ω) + V2(ω)ξ2(ω), (8)
in which
E(ω) =
√
2κ[
1
2κ+ i(∆− ω)
+
ig2h¯|cs|2(2κi+∆+ ω)m2(ω2 + iωγ2 − ω22)
d(ω)
],
F (ω) =
i
√
2κg2h¯|cs|2(2κi−∆+ ω)m2(ω2 + iωγ2 − ω22)
d(ω)
,
V1(ω) =
g|cs|2[(2κi+ ω)2 −∆2]m2(ω2 + iωγ2 − ω22)
d(ω)
,
V2(ω) =
gh¯λ|cs|2[(2κi+ ω)2 −∆2]
d(ω)
, (9)
with
d(ω) = (2κi+∆− ω){−h¯2λ2[∆2 + (2κi+ ω)2]
+m2(ω
2 + iωγ2 − ω22)[2|cs|2g2h¯∆+ (∆− 2κi− ω)
×(∆ + 2κi+ ω)m1(ω2 + iωγ1 − ω21)]}. (10)
Defining the spectrum of the field via 〈c+(−Ω)c(ω)〉 =
2piSc(ω)δ(ω + Ω), 〈c(ω)c+(−Ω)〉 = 2pi[Sc(ω) + 1]δ(ω +
Ω). The incoming vacuum field din is characterized by
〈d(ω)d+(−Ω)〉 = 2piδ(ω + Ω) with Sdin(ω) = 0. From
Eq. (4) and Eq. (8), we can obtain the spectrum of the
output fields,
Scout(ω) = R(ω)Scin + S
(v)(ω) + ST1 (ω) + S
T
2 (ω),
Sdout(ω) = T (ω)Scin + S
(v)(ω) + ST1 (ω) + S
T
2 (ω), (11)
where
R(ω) = |
√
2κE(ω)− 1|2, T (ω) = |
√
2κE(ω)|2,
ST1 (ω) = 2κ|V1(ω)|2h¯γ1m1(−ω)[1 + coth(
−h¯ω
2κBT
)]
ST2 (ω) = 2κ|V2(ω)|2h¯γ2m2(−ω)[1 + coth(
−h¯ω
2κBT
)],
S(v)(ω) = 4κ|F (ω)|2. (12)
When there is no Coulomb coupling λ (i.e. λ = 0) be-
tween the NMM and the NMR, Eq.(11) can be reduced
to Eq.(10) in Ref.[4]. However, different from the out-
put field in Ref.[4] involving a single output channel for
quantum router, there are three output channels with
different frequencies in our scheme due to Coulomb in-
teraction. Further more, the frequencies of two output
channel can be selected by adjusting the Coulomb cou-
pling strength λ.
Quantum routing for single photons. —- In Eq.(11),
R(ω) and T (ω) are the contributions arising from the
presence of a single photon in the input field. S(v)(ω) is
the contribution from incoming vacuum field. The ST1 (ω)
and ST2 (ω) are contributions from the fluctuation of the
NMM and the NMR, respectively. Eq.(11) shows that
even if there were no incoming photon, the output sig-
nal is generated via quantum and thermal noises. For
the purpose of achieving a single-photon router, the key
quantities are R(ω) and T (ω). Further, we also demon-
strate the performance of the single-photon router should
not be deteriorated by the quantum and thermal noises
terms S(v)(ω) and STτ (ω) (τ = 1, 2).
To demonstrate the routing functions of our hybrid
optomechanics system, we first investigate the reflection
R(ω) and transmission spectrum T (ω). For illustration of
the numerical results, we choose the realistically reason-
able parameters from the recent experiment [21] on the
observation of the strong dispersive coupling between a
cavity and the NMM. The wavelength of the pump field
λl = 1054 nm, L = 6.7 cm, m1 = m2 = 40 ng, ω1 = ω2 =
2pi × 134× 103 Hz, quality factor Q1 = Q2 = 1.1× 106,
γ1 = γ2 =
ω1
Q1
= 0.76 s−1, κ = ω110 , ℘l = 5 µW, we choose
coulomb coupling strength λ = 3 × 1033Hz/m2. We also
apply the following conditions [24, 25], (i) ∆ ≃ ω1 and
(ii) ω1 ≫ κ. The first condition means that the optical
cavity is driven by a red-detuned laser field which is on
resonance with the optomechanical anti-Stokes sideband.
The second condition is the well-known resolved sideband
condition, which ensures the normal mode splitting to be
distinguished [25].
The resulting spectra are shown in Figs 2 and 3. In the
absence of the Coulomb coupling strength (i.e. λ = 0),
one observes an inverted EIT and a standard EIT in the
reflection and transmission spectra of a single photon.
Note the R(ω1) ≈ 1 and T (ω) ≈ 0. So the single pho-
ton is complete reflected through the cavity to the left
output port. However, in the presence of the Coulomb
coupling strength, the situation is completely different
R(ω1) ≈ 0 and T (ω) ≈ 1. More important, the reflection
4Λ=2Λ0
Λ=8Λ0
Λ=4Λ0
0.0 0.5 1.0 1.5 2.0
0.0
0.2
0.4
0.6
0.8
1.0
ΩΩ1
TH
Ω
L
FIG. 3: (Color online) The transmission spectrum T (ω) of
the single photon as a function of normalized frequency ω/ω1
with different λ (in units of λ0, λ0 = 10
33 Hz/m2). Other
parameters take the same values as in Fig. 2.
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FIG. 4: (a) The vacuum noise spectrum S(v)(ω) as a function
of normalized frequency ω/ω1. (b) The thermal noise spec-
trum S
(T )
1 (ω) (red dotdashed line) and S
(T )
2 (ω) (blue dashed
line) as a function of normalized frequency ω/ω1. T = 20mK,
other parameters take the same values as in Fig. 2.
and transmission spectra of a single photon exhibit other
two inverted dips and two normal dips at ω = ω1 + ω0
and ω = ω1 − ω0, here ω0 is the small deviation from
the central frequency ω1 and it depend on the Coulomb
coupling strength. We can find R(ω1 ± ω0) ≈ 1 and
T (ω1 ± ω0) ≈ 0. That is to say, the single photon is
completely transmitted through the cavity to the right
output port at frequency ω = ω1, meanwhile, the sin-
gle photon is completely reflected to the left two output
ports with different frequencies ω1 + ω0 and ω1 − ω0.
Then, we can describe the working process of the
single-photon multi-output router. When we turn off
the Coulomb coupling, the single photons is complete
reflected through the cavity to the left output port at
frequency ω = ω1 (i.e. R(ω1) ≈ 1, T (ω) ≈ 0). How-
ever, When we turn on the Coulomb coupling, the single
photons is complete transmitted to the right output port
at frequency ω = ω1 ( i.e. R(ω1) ≈ 0, T (ω) ≈ 1), at
the same time, three are completely reflected to the left
two outputs at different frequencies ω = ω1 + ω0 and
ω = ω1 − ω0 (i.e. R(ω1 ± ω0) ≈ 1 and T (ω1 ± ω0) ≈ 0).
Fig. 4 describe the transmission spectrum T (ω) with
different Coulomb coupling strength. From Fig. 4, we
find the different output frequencies can be selected by
adjusting the Coulomb coupling strength.
Next, we discuss the effects of the quantum and ther-
mal noise on the reflection and transmission spectrum of
a single-photon. From Fig.5, the contribution of the vac-
uum noise maximum is about 2.5% and is thus insignif-
icant. The thermal noise could be more critical in de-
teriorating the performance of the single-photon router.
Clearly to beat the effects of thermal noise, the num-
ber of photons in the probe pulse has to be much bigger
than the thermal noise photons. However, if we work
with NMM and NMR temperatures like 20 mK, then the
thermal noise term is insignificant as shown in Fig. 6.
In conclusion.—-We have proposed an experimentally
accessible tunable single-photon multi-channel routing
scheme based on the hybrid optoelectromechanical sys-
tem which consist of an high-quality Fabry-Pero´t cavity
coulomb coupling to a NMR. Our proposal is essentially
different from previous methods in Ref.[13–15] that we
are able to directly modulate the coherent input single-
photon signal into three different output ports with unit
probability. More important, the two output signal fre-
quencies can be selected by adjusting Coulomb coupling
strength. We also demonstrate the vacuum and ther-
mal noise will be insignificant for the optical performance
of the single-photon router at temperature of the order
of 20 mK. We hope that the quantum routing function
prodicted in this letter can be observed in some experi-
ments. Our proposal may have paved a new avenue to-
wards multi-channel router and quantum networks.
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